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2ductor quantum dots (QDs) [25], often referred to as
macroatoms; our computational degrees of freedom are
interband optical excitations, also called excitonic tran-
sitions. Indeed, an exciton is a Coulomb-correlated
electron-hole pair produced by promoting an electron
from the valence band with total angular momentum
J
tot
= 3=2 to the conduction band with J
tot
= 1=2. For a
GaAs-based quantum-dot structure, the conning poten-
tial along the growth (z) direction breaks the symmetry





i) of the quadruplet J
tot
= 3=2 are then
energetically separated into J
z
= 3=2 |heavy holes
(HH)| and J
z
= 1=2 |light holes (LH)|.
A properly tailored laser excitation may promote elec-
trons from the valence to the conduction band in an
energy-selective fashion [26]. For the HH the only al-

























Here, the rst transition is produced by light with left
circular polarization (usually referred to as 
 
) while
the second transition is produced by light with right
circular polarization (
+
). In contrast, due to the dif-
ferent structure of their wavefunctions for the LH we


























tions may be induced by light propagating along the z
direction with circular (left or right) polarization. More-
over, for light propagating along the x   y plane with
polarization along z (
0
) the following transitions are

























i. As a result, we see that by
exciting LH electrons with three dierent kinds of light
|left- and right-circular polarization as well as linear po-
larization along z| we can induce three dierent tran-
sitions with the same energy: jGi 7! jE

i; ( = ; 0)
where jGi denotes the ground state of the semiconductor
crystal. The allowed optical transitions as well as the
corresponding energy-level structure for HH and LH are
schematically depicted in Fig. 1(A). For the case of a laser
excitation resonant with the three degenerate LH transi-
tions, the corresponding light-matter interaction Hamil-












This Hamiltonian has the same structure as the one
for trapped-ion internal levels analyzed in [18]. Indeed,
for each value of the Rabi couplings 
's it admits a




0; 1) corresponding to a zero eigenvalue. These dark
states, in a distinguished point in the 
 space will en-
code our qubit. The quantum manipulations will be
realized by the holonomies P exp
H

A associated to the












i (;  = 0; 1;  = 0;). Our compu-
tational basis is given by j1i := jE
+




























FIG. 1: Schematic diagram of the energy-level struc-
ture of LH and HH valence-band states (A) and of a typ-
ical two-photon process (B) in GaAs-based semiconductor
macroatoms.
To achieve single-qubit universality is suÆcient to en-



















cos(=2). The dark states are given by jE
 
i and
j i = cos(=2)jE
+





the connection associated to this two-dimensional degen-

















sin  d d )














cos . The dark states are now given by
j 
1
i = cos  cos'jE
 
i + cos  sin'jE
+























For the implementation of the two-qubit gate we resort
to the exciton-exciton dipole coupling in semiconductor
macromolecules proposed in [24]. Indeed, if we have two
Coulomb coupled quantum dots the presence of an ex-
citon in one of them (e.g., in dot b) produces a shift in






































































FIG. 2: (A) Simulated time evolution of the HQC gate 1
with 
1
= =4 and initial state jE
+
i. (B) Simulated time
evolution of the HQC gate 2 with 
2
= =2 and initial state
jE
+
i. (C) Simulated quantum evolution of gate 2 in the con-









). In these simulated
experiments we have chosen 

 1




E + Æ; the total energy in the process is 2E + Æ. Let
us consider the two dots in the ground state jGGi; if we
shine them with light resonant with E + Æ=2, we should
be able to produce two excitons jEEi. This is a second-
order | two-photon| process, i.e., it involves a virtual
transition to the intermediate states jEGi and jGEi [see
Fig. 1(B)]. Due to energy conservation this is the only
possible transition (the rst-order |or single-photon|
absorption is at energy E). We can generate the three















This process may be described by the following (eec-







































is the Rabi frequency for the single-photon
process within second order perturbation theory. This






, as for the single-qubit gate given in
[18].



















































similar to the rst gate we can obtain the conditional















, the solid angle by swept by the parameter space).
To test the viability of the proposed HQC implementa-
tion scheme in state-of-the-art semiconductor nanostruc-
tures, we have performed a direct time-dependent simu-




= 50 fs and as evolution time T
ad
= 7:5 ,ps to
satisfy adiabaticity. Moreover, We have choosen as ini-
tial state j (0)i = jE
+





= =2 . The computational states at the end of our

































for gate 2. Figure 2 shows the state populations during
the quantum-mechanical evolution; as we can see, the
state jGi is never populated (as expected in the adia-
batic limit). For the case of gate 1 [see Fig. 2(a)] the
jE
 
i state is decoupled in the evolution while the state
jE
+
i evolves to the ancilla state (jE
0
i), to eventually end
in jE
+
i (as we expect for the dark state). For the case
of gate 2 [Fig. 2(b)] the initial state jE
+





i to end in jE
 
i; so we apply a Not gate.










) for gate 2. The simulated ex-
periments in Fig. 2 clearly show that the proposed HQC
implementation scheme is fully compatible with realistic
parameters of state-of-the-art semiconductor nanostruc-
tures [29] as well as with current ultrafast laser technol-
ogy [26], prerequisite for its concrete realization. Indeed,
our simulation shows that (i) one is able to work in the
adiabatic limit, and (ii) our all-optical scheme allows for
picosecond gating times; the \ultralong" exciton dephas-
ing (on the nanosecond time-scale) recently measured in
state-of-the-art QD structures [30] indicate that within
the proposed HQC implementation scheme one should
be able to perform a relatively large number of opera-
tions within the dephasing time.
In summary, we have proposed the rst implementa-
tion scheme for the realization of non-Abelian geometri-
cal gates in semiconductor nanostructures. Our quantum
hardware consists of state-of-the-art Coulomb-coupled
4semiconductor macroatoms; quantum bits are encoded in
the dark states of polarization-selective excitonic transi-
tions, driven by ultrafast laser pulses; the key ingredient
for the implementation of the proposed two-qubit gate
is dipole-dipole coupling between excitons in neighbor-
ing quantum dots. The proposed scheme combines the
benets of geometrical QIP with the distinguished char-
acteristics of all-optical implementations in nanostruc-
tured semiconductors (ultrafast quantum-state manipu-
lations).
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